Abstract The aim of the present research is to examine the effect of Cu metal addition in nano-scale particle size on the mechanical properties and porosity of porous alumina ceramics using commercial rice husk ash as pore forming agent and silica (SiO 2 ) source. Porous alumina ceramics reinforced were prepared using nano-scale Cu metal particles as their strengthening phase. Solid-state and sacrificial techniques were used to prepare the porous alumina reinforced ceramics. A field emission scanning electron microscope (FESEM), Xray diffraction (XRD), and transmission and electron microscope (TEM) were used to analyze the microstructure and ceramic phases. Different ratios of Cu metal were added (3, 6, 9, and 12 wt%) at different ratios of commercial rice husk ash. The results of this investigation show that with increasing ratios of Cu metal, the porosity decreased and the mechanical properties increased. The increase in the mechanical properties could be attributed to the decrease in the porosity, the toughening mechanism, increase density of porous alumina ceramics, and formation of the tenorite (CuO) phase due to sintering at high temperature (1600°C). Some potential applications include purging of gas filtration and thermal insulation.
Introduction
The superior properties of tailored porous ceramics, such as their excellent strain and damage tolerance, good thermal shock resistance, wear resistance, high corrosion, and light weight, render them as potential materials for filtering components [1, 2] such as separation membranes, lightweight structural materials [3] , catalyst supports, thermal insulation, bioreactors, gas filters for high temperature [4] [5] [6] , medical ultrasonic imaging, and underwater sonar detectors. Generally, increasing the porosity of porous ceramics decreases their mechanical properties. However, most applications of porous ceramics require good-to-excellent mechanical properties [7] . For the filtration of hot gas and molten metal, the temperature fluctuation during the process will leave the filter materials exposed to thermal shock. The mechanical properties of the filter must be high enough to bear operational pressure and its properties must not be affected by the increasing temperatures [8] . Macro-porous ceramic membranes with excellent mechanical properties are important due to their stability in harsh chemical environments and high temperatures. The porous ceramic membrane that will be used needs to possess high fracture toughness and bending strength. There are many factors affecting the porosity and the mechanical properties of porous ceramic material such as the sintering temperature [9] , ceramic additives [10] , metal particle additives [11] , the degree of oxidation [12] , solid content [13] , coating [14] , and others [15] . The addition of ductile metallic phase is one method of overcoming the drawbacks of ceramic materials, which results in improved bending strength, fracture toughness, and tensile strength. In works on porous ceramics, some researchers have utilized micrometal particles to enhance the mechanical properties of the porous ceramic.
Li et al. [11] analyzed the reaction bonding of the aluminum oxide (RBAO) technique of preparing macro-porous alumina ceramics with high fracture toughness via the addition of aluminum (Al) powder in the following ratios: 4, 8, 12, 16 , and 20 wt%. Their findings showed that Al powder plays a significant role in improving the mechanical properties of macro-porous alumina ceramics, especially in terms of their bending strength and fracture toughness. Clegg and Paterson [16] reported the use of ammonium hexachloroplatinate (ACP) as a source of platinum particles for the ductile particle toughening of hydroxyapatite. The results showed that by increasing the volume fraction of the platinum particles, the fracture toughness of the porous hydroxyapatite ceramics increased by up to twice that of pristine hydroxyapatite. Improved fracture toughness might contribute to the crackbridging mechanism. Wang et al. [17] reported that Si 3 N 4 -Al 2 O 3 -SiO 2 , which is a type of reticulated porous ceramic RPC, can be fabricated using replication techniques via the addition of 5 wt% aluminum particles to the β-Si 3 N 4 . The results showed improvements in the fracture toughness and the strength of the RPC ceramics due to the addition of the aluminum powder. This enhanced mechanical property results in an improved crack-bridging mechanism. Falamaki et al. [18] studied the effects of aluminum particles addition on the mechanical properties of alumina membranes via the use of the RBAO process. By increasing the Al wt% content, the flexural strength increased while the porosity decreased. Most studies on porous ceramics have focused on investigating the utilization and effects of Al, nickel (Ni), and platinum (Pt) on the bending strength and fracture strength of porous ceramics. One of the most common and effective ways for the manufacturing of porous ceramic is the pore-forming method [19] . Recently, there has been renewed interest in using agricultural waste materials in porous ceramics. Sengphet et al. [20] used wastes from kenaf powder for the fabrication of porous clay ceramics, while Nkayem et al. used corn cob for the preparation of porous ceramic brick [21] . As for Sooksaen et al. [22] , they used wood dust as a pore agent in producing porous glass ceramics. Ali et al. [23] used commercial rice husk as pore forming agent and source of silica (SiO 2 ) to produce mullite and cristobalite-corundom ceramic composite materials. The finding showed that the mechanical properties of porous alumina samples varied with the porosity and ceramic phase formation; therefore, this can produce porous alumina ceramic with high porosity and good mechanical properties. However, this mechanical property is still low.
Unfortunately, most of the pore agents that have been used to produce porous ceramics have resulted in a decrease in the mechanical properties due to its porosity.
As such, the objective of this study is to produce porous alumina ceramics, reinforced with Cu metal of nano-scale particle size with excellent mechanical properties. The conditions for the porous alumina ceramics include a reinforced phase when sintering at high temperature using a new process that requires the addition of Cu metal in the nano-scale size directly through a combination of the sacrificial technique and pressureless sintering methods: this is a cost-effective procedure.
Materials and methods
A commercial aluminum oxide (Al 2 O 3 ) powder (ρ = 3.94 g/ cm 3 ), with a purity of 99.9% and particle size of 0.5 μm, was used as the matrix material. Commercial copper (Cu) of nanoscale particle size at ˂100 nm was used as the reinforcement material. The morphology and the size of the nano-copper particles were examined using field-emission scanning electron microscope (FESEM) technique (see Fig. 1 ). The density of copper is 7.59 g/cm 3 , as determined by the Accupyc II 1340.
Commercial sucrose (sugar) was used as a binder (10-12%) in the ceramic mixture based on the maximum solubility of sugar in water (distilled water); 60 wt% concentration solution was the concentration used in this work [24] . The binder was manually mixed with ceramic powder using agate mortar for 3-5 min. Commercial rice husk ash was use. The rice husk ash was ground using an electrical grinder (RT-02A, 3000 rpm) for a minute and sieved using an electrical sieve (Retsch, As 200) to gather particles around measured 250 μm or less. A particle size analyzer (Malvern, Master Size 2000) was used to determine the particle size distribution of the commercial rice husk ash (see Fig. 2 ). The true density of the rice husk ash was determined to be 2.22 g/cm 3 , as measured by the Accupyc II 1340. The preparation of the ceramic mixture involves two processes. The first step is to mix the nano-Cu metal with Al 2 O 3 powder. The Cu powder was added at ratios of 3, 6, 9, and 12 wt% to the Al 2 O 3 powder and mixed manually for 10 min in an agate mortar. The ceramic mixture was then milled for 3 h using planetary ball milling (650 rpm) using acetone at 0.5 ml/g for the mixture, then dried at 80°C for 24 h in an electric oven. Finally, the mixture was ball milled for 24 h to avoid agglomeration. The second step involved mixing the pore agent (rice husk ash) with the previous mixture. The rice husk ash powder was added at ratios of 10, 20, 30, 40, and 50 wt% to the ceramic slurry. Prior to ball milling, the batches were mixed in a mortar for~5-10 min and then ball-milled for 3 h in a plastic container to render the mixture homogenous at a ratio of weight of alumina balls to weight of powder of 3:1. Dry mixtures were pressed uniaxially in a circular steel die (diameter = 20 mm and thickness = 5 mm) using Instron hydraulic press at a pressure of 90 MPa. The green compacts were dried in an oven at 110°C for 24 h. The organic burnout of the dried samples was conducted in an ambient atmosphere and in an electrically heated and programmable furnace. The rate of heating was set to 1.5°C/min for each increment in temperature. Based on the thermo-gravimetric analysis (TGA) of sucrose and rice husk ash (see Fig. 3a ), the samples were sintered at 200, 300, 500, and 900°C for a soaking time of 1 h in an electric furnace. The rates of heating and cooling were 1.5°C/min for the removal of the rice husk ash and sucrose. The ceramic samples were then sintered at 1600°C for a soaking time of 2 h, and the rates of heating/cooling were set to 5°C/min. Chemical composition and density for commercial rice husk ash were measured by an EDX and gas pycnometer (Accupyc II 1340) machines. Table 1 shows the chemical composition of rice husk ash used [23] .
Generally, The presence of alkali Earth metal oxides in rice husk ash such as calcium oxide (CaO), magnesium oxide (MgO), potassium oxide (K 2 O), and others has a significant effect on the melting of SiO 2 particles and accelerates the crystallization of amorphous SiO 2 into cerstobalite. Furthermore, alkali metal impurities help to retian carbon in rice husk ash after rice husk burning process. This is because the eutectic reaction between SiO 2 compound and alkaline metals take place during burning, and the carbon remains in the melt of SiO 2 which lead to rice husk ash crystallization at lower temperature [25] . In a work done by Choi et al. [26] , the alkaline earth metal oxides were added as a sintering additives to help lowering mullitization temperature. They reported that the addition of the alkaline earth metal oxides in preparation of porous mullite-bonded SiC process leads to form a lower viscosity liquid at the sintering temperature and accelerate both the densification and mullite phase formation [27] . Basically, during firing, co-existing alkaline impurities and other oxides components lead to formation of low melting point phases (liquids) [28] . Figure 3b , c shows the FESEM images of the commercial rice husk ash and the sucrose. The average size of the rice husk ash particles was 266.02 μm. In general, rice husk is the hard shell which protect the rice grains and has different longitudinal shapes and size. Therefore, after burning off organic contents of rice husk, rice husk ash (RHA) has different shapes, size, and highly porous particles which lead to high external surface area and low bulk unit weight [29] . The FESEM image of the sucrose shows the shape of the sucrose particles. Figure 3a presents the TGA results of commercial rice husk ash and sucrose. The weight loss of the rice husk ash is around 6.48%. The removal of the unburned elements and organic materials, such as carbon, started from around 200 to 650°C. The maximum weight loss occurs at approximately 300°C. Based on the weight loss of the rice husk ash, the pyrolysis of the rice husk ash was incomplete. This incomplete pyrolysis of the rice husk ash was attributed to the presence of ceramic oxide (SiO 2 ). Meanwhile, the decomposition and burning of the organic materials in the sucrose takes place between 180 and 500°C based on the sucrose TGA. Based on the TGA data of rice husk ash and sucrose, the sintering temperature of porous alumina ceramics was selected in order to perform the sintering process [30, 31] . It is necessary to achieve a controlled burn out process for the rice husk ash and sucrose in order to obtain defect free samples [32] .
Characterization of ceramic samples
The compressive strength and indirect tensile strength were determined using an Instron machine. Samples measuring 20 mm in diameter and 5 mm in height were used, using the Brazilian test method at a crosshead rate of 0.5 mm/min. The maximum mechanical load and cross-sectional area were used to calculate the compressive strength of the samples. The density and overall porosity of the sintered samples were determined by the water immersion method based on the Archimedes' principle, as specified in ASTM C20-00 using the following equations:
where M dry is the dry mass of the sample, M suspended is the mass of the sample suspended in distilled water, M wet is the mass of the sample after soaking in water, M wire is the mass of the suspending system, and P overall is the volume fraction of the overall porosity (vol.%) of the sample [33] [34] [35] . The theoretical density (true) of alumina (Al 2 O 3 ) (3.94 g/ cm 3 ) was used as a reference and measured by the Accupyc II 1340.
The hardness values of the samples were measured using a micro-Vickers hardness machine. The average hardness at five positions of one sample has been calculated with five samples for each parameter. The sizes of indentation were more than the pore size and are believed to represent the porous material hardness as practiced in other research work [36] [37] [38] referred on hardness measurement for porous ceramics. All the samples were ground and polished using a polishing media, then thermally etched. A Brazilian test was performed using samples 20 mm in diameter and 5 mm thick via the Instron machine. The microstructure and ceramic phases were examined using FESEM, XRD, and TEM techniques. FESEM is a type of electron microscopy used to visualize the surface of sample (microstructure/topographic) by scanning it with high-energy electrons beam. In this study, the microstructure and the chemical composition of the porous ceramics were examined using a field-emission scanning electron microscope (FESEM) and EDX (SE-440). In this process, all alumina porous ceramic samples were grinded and polished, then heated in electric furnace at temperature 1450°C (below the sintering temperature by 150°C) for around 15-20 min, and the heating and cooling rate was 10°C. Due to heating the ceramic material to temperature below the sintering temperature for a short time, the grain boundaries will seek a lower energy level; hence, it becomes rounder and can be detected using electron or optical microscope technique [39, 40] . This method is called thermal etching. After that, the samples are coated with gold by using spin coating machine. After the sample has been coated, it is transferred on a specific sample holder. The sample is inserted through an exchange chamber into the high vacuum part of the microscope and anchored on a movable stage.
In this study, the phase compositions of the porous ceramics were determined using an X-ray diffractometer (PANAlytical (Philips) X'pert ProPW3050/60) with Cu radiation (wavelength = 1.54060 Å) that had been set at 40 mA, and 40 kV over the 2θ angles range from 20°to 80°to identify the developed crystalline and amorphous phases using X-pert software. The ceramic phases for each sample were compared with some stander references in the X-pert software.
Three-point bending test was performed using samples of dimension 4 mm (width) × 4 mm (thickness) × 40 mm (length) and the spam dimension of 20 mm by means of an Instron machine (Model 3366 with Blue Hill Software, Instron, USA) with a 5-kN load cell according to standard ASTM C1161-02c [41] . 
Results and discussion
Effects of Cu metal on the microstructure of porous alumina ceramics Figure 4 shows the microstructure of porous alumina ceramics with pores that are filled with molten Cu. Features include longitudinal shape of the pores and ceramic phases in porous alumina ceramics. Figure 4a presents the longitudinal shaped pores, which could be attributed to the shape of rice husk ash particles after sintering). In Fig. 4b , it can be seen that the pores filled with Cu. Mullite whisker is an important feature of porous ceramic and improving the mechanical properties of porous ceramics (see Fig. 4c ). As for alumina ceramic samples without rice husk ash, the grains grow and neck as a result of sintering at high temperature of alumina samples with binder (sugar). Each gap between the particles and the neck becomes a pore, in addition to the binder effect as shown in Fig. 4d [42] . Strengthening of porous ceramics by incorporating mullite (3Al 2 O 3 ·2SiO 2 ) whiskers into ceramic body is one of the main methods to improve the mechanical properties of porous ceramics. Ceramic whisker is a type of significant structure of material. The reinforced ceramic materials using ceramic whisker presents enhancement in their mechanical properties, such as bending strength, thermal shock resistance, and fracture toughness [43] . Sintering at high temperature results in welldeveloped necks and improved mechanical properties [15, 44] .
Researcher studied the improved mechanical properties, namely hardness, wear resistance, creep resistance, and fracture strength [45] of ceramics materials with nano-sized ceramic or metallic inclusions [46, 47] . This system encompasses two strengthening mechanisms. The first mechanism is grain boundary strengthening effect, while the second is flaw size reduction. The first mechanism suggests that an increase in strength is due to the strengthening of the grain boundary. The second mechanism suggests that the improved strength of the nano-composites is due to the large reduction in the size of flaws. This mechanism is also linked to strengthening as a result of the formation of dislocation networks. The dislocations may form subgrain boundaries after post-annealing treatment which further improves the strength.
The behavior of Cu metal and pore forming agent ratio (rice husk ash) in porous alumina ceramic can be explained by two stages. The first stage involves the removal of rice husk ash (carbon ratio), according to TGA analysis. The removal of carbon (C) in rice husk ash from the green body takes place at a temperature below the melting point of Cu. In this case, the pores of the alumina matrix are filled with Cu particles. The second stage is melting of Cu at sintering temperature of 1600°C. This leads to improved mechanical properties due to Cu uniformity within the composite. The molten Cu starts to fill the pore of the matrix at an increasing ratio throughout the porous alumina body. After that, tenorite phase appears due to sintering at high temperature (1600°C) for 2 h in air. In other words, assuming that the melting of copper happens first, and thus lead to fill the pores and then because of sintering duration is 2 h, the tenorite phase begins to appear . Meanwhile, at the ratio of pore-forming agent (rice husk ash) of 50 wt%, the Fig. 4 FESEM images showing pores filled with molten copper, the irregular shape of pores, and ceramic phases such as mullite and corundum in porous alumina ceramic body of sintered at 1600°C for 2 h with different ratios of rice husk ash maximum mechanical properties are reported to be 9 wt% Cu. However, the mechanical properties decrease after 9 wt% Cu, because there is not enough molten Cu to fill the pores due to increased rice husk ash ratio and pore size. There are several possible explanations for this. At 10-40 wt% rice husk ash, the mechanical properties show an increase when the Cu metal ratio increases. This is due to the size of the pores being smaller than the size of the grains. As a result of this, the pores accumulated between the grains, and they become wet in the liquid phase of the Cu metal [48] . Also, capillarity drives the liquid phase of Cu to fill in the smaller pores. As these pores get filled, the number of pores and the corresponding porosity decreases, while the mean pore size increases, which leads to improved mechanical properties [15, 49] . As for rice husk ash at 50 wt%, the mechanical properties increased when the Cu metal ratio increases, but for Cu metal of 12 wt% Cu, the mechanical properties decreased for 50 wt% rice husk ash. When the size of the pores exceeds the size of the grains, it is difficult to eliminate the pores because the liquid phase is inadequate for filling up the large pores. Unfortunately, the large pores work against densification, leading to decreased mechanical properties [49] [50] [51] . The toughening mechanism significantly influences the aforementioned mechanical properties. Furthermore, the addition of Cu metal particles inhibits the growth of grains in the porous alumina (Al 2 O 3 ) matrix. Therefore, increasing the Cu metal ratio, the porous alumina ceramics showed improvements in the mechanical properties due to the agglomeration of Cu metal particles in the grain boundaries, porosity decrease, and also due to the formation of tenorite (CuO) phase (HV 100 = 190-300 g/mm 2 ) (see Fig. 5 ) [50, 52] .
Phase formation of strengthen porous alumina ceramics
In this research study, the objective of XRD analysis is to observe the phase formation in porous alumina ceramics that affects the mechanical properties. Figure 6 indicates that the XRD patterns of porous alumina ceramics samples sintered at 1600°C for 2 h with different ratios of rice husk ash have different peaks which refers to some ceramic phases including tenorite (CuO) (JCPDS file no.: 00-001-1117), corundum (Al 2 O 3 ) (JCPDS file no.: 01-075-0785), cristobalite (SiO 2 ) (JCPDS file no.: 00-001-0424), mullite (3Al 2 O 3 ·2SiO 2 ) (JCPDS file no.: 00-006-0259), and sillimanite (Al 2 SiO 5 ) (JCPDS file no.: 01-088-0890). It was found that with increasing ratio of rice husk ash and sintering at high temperature, the phases detected in the samples of porous alumina with rice husk ash included corundum (Al 2 O 3 ) and tenorite (CuO) at 10 wt% rice husk ash, tenorite (CuO), cristobalite (SiO 2 ) and corundum (Al 2 O 3 ) at 30 wt% rice husk ash, while sillimanite (Al 2 SiO 5 ), mullite (3Al 2 O 3 ·2SiO 2 ), and tenorite (CuO) exist at 50 wt% rice husk ash. All of these phases were matched to their JCPDS file no.
For the ratio of 10 wt% rice husk ash, tenorite (CuO) and corundum (A 2 O 3 ) phase was detected because the ratio of SiO 2 in rice husk ash is not sufficient to react with Al 2 O 3 for production or transformation into another ceramic phase like cristobalite (SiO 2 ) and mullite (3Al 2 O 3 ·2SiO 2 ), as evident in Fig. 6 . The tenorite (CuO) phase also has been detected. This is an important feature after adding Cu metal to porous alumina ceramics as mentioned in the latest study by Ali. et al. [53] . Tenorite nano-particles are an ideal candidate in medicine application such as medical implants which means that presence of CuO in porous ceramic is biocompatible. Meanwhile for the ratio of 30 wt% rice husk ash, tenorite (CuO), cristobalite (SiO 2 ), and corundum (Al 2 O 3 ) phases were detected which leads to improvement in the mechanical properties. The big peaks of cristobalite (SiO 2 ) can be seen due to the increasing rice husk ash ratio. After sintering at high temperature, there is no sign of silica peak for the 50 wt% rice husk ash sample. This is evident in Fig. 6 based on the XRD pattern. It proves that the silica (SiO 2 ) reacted with the surrounding alumina (Al 2 O 3 ) to produce stable mullite (3Al 2 O 3 ·2SiO 2 ) phase, according to the following equation [24, 54] .
Silica peak is also unclear from the 50 wt% rice husk ash sample data. It is believed that the alumina has dissolved into residual glassy phase of silica (SiO 2 ) to form mullite (3Al 2 O 3 · 2SiO 2 ) and sillimanite (Al 2 SiO 5 or Al 2 O 3 •SiO 2 ) phases [55, 56] according to the following reaction.
Thus, it can be concluded that all of these phases ceramics formed have an effect on the mechanical properties of porous ceramics [24, 57] . In this case, the ratio of rice husk ash influences the sintering parameters such as density, porosity, and formation of phases. 
TEM and EDX
TEM and EDX analyses have been conducted for porous alumina ceramics samples with reinforced nano-copper particles using rice husk ash as pore forming agent to discover the microstructure and chemical composition as shown in Fig. 7 . It could be clearly seen that tenorite (CuO) which is black in color, discovered by XRD test and also can be seen another phase such as corundum (Al 2 O 3 ) and SiO 2 [46] .
Mechanical properties
Generally, increasing the porosity results in decreased mechanical properties. However, the majority of applications involving porous ceramics require excellent mechanical properties [58] . Recently, it was reported that the dispersion of nanoscale metallic particles (˂100 nm) (Ni, Cu, W, Co, Ti, and Mo) in ceramics such as ZrO 2 and Al 2 O 3 notably improves the mechanical properties (hardness and/or toughness, mechanical strength) of the ceramic body [59] . Also, sintering at higher temperature results in higher mechanical properties and densities for the metal-reinforced materials [60] . Table 2 shows that the mechanical properties of the porous alumina ceramic are strongly correlated to the content of rice husk ash, the porosity ratio and the Cu content of the porous alumina ceramic.
Compressive strength
The compressive strength of porous alumina ceramics reached its peak at 30% rice husk ash before addition of nano-copper particles. This improvement in mechanical properties was attributed to the formation of the phases of ceramic: mullite, cristobalite, and corundum. After the addition of nano-Cu particles at different ratios of 3, 6, 9, and 12 wt% of (Cu) metal to porous alumina ceramic samples, the compressive strength of porous alumina ceramics increased with increased ratio of nano-Cu as shown in Fig. 8 . Increased in compressive strength is attributed to the presence of more bonds in the initial green compact due to the higher content of ductile Cu particles, which will improve the crack-bridging mechanism, the decrease of porosity was due to the pores being filled with Cu particles and presence of tenorite (CuO) phase due to the reaction between O 2 and Cu when sintered at high temperature (1600°C) with soaking time for 2 h [16, 18] .
Tensile strength
The maximum value of the tensile strength (24.12 MPa) of porous alumina ceramics using rice husk ash as pore forming agent has been recorded at the ratio of 30% rice husk ash. This improvement in mechanical properties was attributed to the formation of the phases of ceramic: mullite, cristobalite, and corundum. After the addition of nano-Cu particles at different ratios of 3, 6, 9, and 12 wt% of Cu metal to porous alumina ceramic samples, the tensile strength of porous alumina ceramics increased with increased ratio of nano-Cu (see Fig. 9 ). Increase in tensile strength that is attributed to the decrease of porosity was due to the pores being filled with Cu particles, the presence of more bonds in the initial green compact due to the higher content of ductile Cu particles and formation of ceramic phases such as tenorite (CuO), which improve the crack-bridging mechanism [16, 18] . Hardness Figure 10 presents the data in Table 1 in graph form for its hardness value. Initially, the hardness of porous alumina ceramics decreases at 20% after which it increases at 30 and 50%, due to the variations of porosity and formation of the ceramic phases which have high value of hardness [61] [62] [63] . After the addition of (Cu) at different ratios (3, 6, 9, and 12 wt%), a significant increase in hardness was observed in porous alumina ceramics sintered at 1600°C for 2 h (see Fig. 10 for ratios 3, 6, 9, and 12 wt%) of Cu. The results are likely to be related to the decrease in porosity and formation of ceramic phases such as tenorite (CuO). Also, the density increases during the sintering due to the low melting of Cu metal (1085°C) compared with alumina matrix (2072°C) which leads to transfer of solute accelerate during the sintering process and results in improvement of strength. Generally, the mechanical properties of porous ceramics were inversely correlated with porosity [31, 64] .
Flexural strength
The graphical presentation of the results obtained presents the relationship between the flexural strength and copper (Cu) content ratios of 0, 3, 6, 9, and 12 wt% in Fig. 11 . Initially, without Cu, the flexural strength of porous alumina ceramics decreases at 20% rice husk ash (63.57 ± 2.06) after which it increases at 30% rice husk ash (93.03 ± 4.07) and 50% rice husk ash (92.38 ± 2.68), due to the formation of the ceramic phases with variations of porosity as shown in Fig. 11 [61] [62] [63] . The grain size, pore size, and porosity play an important role in strength of porous ceramics [65] . It can be seen that from Fig. 11 , the flexural strength of porous alumina ceramics increase with increasing Cu ratio of 3, 6, 9, and 12 wt%. However, the flexural strength at ratio of 50 wt% of rice husk ash decreases at ratio of 12 wt% Cu due to increase porosity. The increase in flexural strength has been attributed to decrease the porosity with increasing Cu content and formation of tenorite (CuO). For example, at ratio 10 wt% rice husk ash, the porosity decreases from 42.29 to 24.54% and the flexural strength increases from 69.99 ± 2.66 to 207.31 ± 5.65, respectively. This improvement in mechanical properties was attributed to the increase in density which comes from the improvement of condensation procedure due to the addition of metal phase to ceramic composites during the sintering process. Formation of liquid phases such as tenorite (CuO) with low melting point helps to reduce the excessive grain growth, porosity value, and boundary mobility [66] .
Conclusion
Porous alumina ceramic composites reinforced with nanosized Cu metal particles at the nano-scale have been successfully manufactured. This study was designed to determine the effect of Cu metal at the nano-scale level and the pore agent ratio on the mechanical properties of porous alumina ceramics. The results of this work showed a significant improvement in the mechanical properties of porous alumina ceramics, such as the hardness and the compressive and tensile strengths. The results support the idea that Cu metal at the nano-scale level can be used as a secondary phase to enhance the mechanical properties of porous ceramics and control their porosity. The results have several practical applications, such as hot gas filters, molten metal filters, and membranes.
